adeno-associated virus ͉ cochlea ͉ gap junctions ͉ gene transfer ͉ hearing loss I n the cochlea, the connexin isotypes, connexin 26 (Cx26) and connexin 30 (Cx30) account for the majority of intercellular gap junction (GJ) channels (1) (2) (3) . Cx26 and Cx30 share 77% amino acid identity and colocalize in supporting and epithelial cells of the organ of Corti, in basal and intermediate cells of the stria vascularis (SV), and in type 1 fibrocytes of the spiral ligament (4) (5) (6) (7) [for anatomy, see ref. 8 and supporting information (SI) Fig. S1 A] . Maintenance of ionic balance in the inner ear is crucial for sensory transduction (9) (10) (11) , which is modulated by complex signaling pathways (12) . Cochlear GJ channels delineate networks of supporting cells that have been thought to participate in buffering and recycling of K ϩ following mechanotransduction by the sensory hair cells (9) (10) (11) . Previous studies suggested that inner ear GJ channels contain both Cx26 and Cx30 subunits in heteromeric assemblies (13) (14) (15) . Connexin channels exhibit remarkable selectivity among larger permeants, including second messengers (16, 17) . Furthermore, permeability of heteromeric/heterotypic connexin channels may differ from that of the corresponding homomeric channels (18) .
The genes encoding Cx26 (GJB2) and Cx30 (GJB6) are found within 50 kb in the DFNB1 complex deafness locus on chromosome 13. Deafness is a major cause of sensory deficit in humans, and mutations in the DFNB1 locus are almost as frequent as those causing cystic fibrosis (19, 20) . Several studies have been carried out to understand the molecular mechanisms underlying DFNB1 pathogenesis, either by resorting to creation of murine models (21, 22) or by analyzing mutant Cx26 variants in heterologous expression systems (23) . Interestingly, it has been proposed that deletions such as ⌬(GJB6-D13S1830) and ⌬(GJB6-D13S1854) may eliminate a putative, as yet unknown, cis regulatory element crucial for expression of GJB2 (23) (24) (25) (26) . Recently, a potential coregulation of GJB2 and GJB6 has been postulated to underlie hearing loss in members of large kindred of German descent carrying a newly identified DFNB1 allele in trans with the 35delG allele of GJB2, resulting in dramatically reduced expression of both genes (27) . A substantial decrease in Cx26 protein level (but not mRNA) was recently reported in cochlea of Cx30 KO mice (28) .
The inability of one connexin isoform to compensate for loss (of function) of another in KO mouse models (21, 22 ) is a prevalent, albeit not universal, feature in connexin-related disorders (29, 30) . Indeed, transgenic expression of extra copies of the Cx26 gene from a modified bacterial artificial chromosome in a Cx30 KO background restored cochlea development and hearing (28) . Transcriptional regulation of connexin genes is altered during development as well as in several pathological conditions (31) and is related to ionic selectivity, distinct gating sensitivity to protein kinases, and selective permeability to second messengers (29) .
In this article, we investigate the interaction between Cx26 and Cx30 in organotypic cochlear cultures from Cx30 KO and Cx26 loxP/loxP mice (21, 22) exploiting a bovine adeno-associated viral (BAAV) vector (32) . Previous use of this vector system demonstrated efficient gene transfer in the inner ear with a minimum of toxicity (33) . Our findings demonstrate coordinated regulation of these genes in the region between outer hair cells and the SV (Fig. S1 ), which we shall broadly refer to as the outer sulcus (os), and suggest that their expression is sensitive to changes in activity of NF-B (34, 35) , a Ca 2ϩ -sensitive transcription factor (36) .
Results

Interrelated Expression of Cx26 and Cx30 in Mouse Cochlear Cultures.
We performed immunohistochemistry of Cx26 in cochlear cultures ( Fig. S1 B and C) obtained from postnatal day (P) 5 Cx30 KO mice and determined that, compared with WT controls (Fig.  1B) , Cx26 is remarkably downregulated in os-supporting and epithelial cells (Fig. 1 A) . However, Cx26 is still detectable in Deiters' cells as well as in nonsensory cells in the region between inner hair cells and spiral limbus (Fig. 1 A) , which we shall broadly refer to as the inner sulcus and which, at this developmental stage, is occupied by a transient structure known as the Kölliker organ or the greater epithelial ridge (37, 38) (Fig. S1 ).
To test if the level of expression of Cx26 was restored following replacement of the Cx30 gene into Cx30 KO mice, organ cultures from these mice were transduced with a BAAV vector encoding a Cx30GFP fusion protein (BAAVCx30GFP). Confocal fluorescence microscopy showed that recombinant Cx30GFP protein was expressed in Ϸ90% of the os cells and targeted to the cell plasma membrane at points of contact between adjacent cells ( Fig. 1 C and  D) , suggesting that fusion of Cx30 to GFP did not interfere with the normal subcellular localization of Cx30. Indeed, the recombinant protein expression pattern closely resembled that of transduced WT controls in rats (Fig. S2 A) or mice (Fig. S2B ) as well as that of endogenous Cx30 in mouse cultures immunoassayed with a Cx30-specific antibody (Fig. S2C) .
To establish whether the Cx30-dependent regulation of Cx26 observed at the protein level also occurs at the mRNA level, we extracted mRNA either from the whole cochlea or from microdissected os cells. In all samples we quantified Cx26 and Cx30 transcripts by quantitative PCR (qPCR) on cDNAs, obtained by reverse transcription, and compared the level of expression with that of actin transcripts (data are normalized to Cx26/actin ratio in cultures from WT control mice). Results, summarized in Fig.  2 , show that, as expected, the expression of Cx26 and Cx30 mRNA was similar in whole cochlea samples. However, a statistically significant decrease in Cx26 mRNA was detected in whole cochlea samples from Cx30 KO mice. This reduction was more pronounced in microdissected os cells compared with corresponding controls. Following overexpression of Cx30 by transduction of Cx30 KO cultures with BAAVCx30GFP, Cx26 levels were not appreciably modified in whole cochlea samples. By contrast, similar overexpression of Cx30 in microdissected os cells restored Cx26 mRNA expression at levels similar to those in WT controls.
To investigate whether the reciprocal is true and Cx26 levels (Fig. 3A) compared with nontransduced Cx26 loxP/loxP controls (Fig. 3B) . BAAV transduction preferentially targeted cells of the os vs. inner sulcus. Thus, Cre was poorly expressed in cells of the Kölliker organ, which disappear toward the onset of hearing (37) , and Cx26 was still detectable in this region ( to the decrease in expression of Cx26 (Fig. 3A) . Cx30 expression was normal in untransduced Cx26 loxP/loxP control cultures (Fig.  3D ) and similar to that of Cx26 (Fig. 3B) . Likewise, Cx26 and Cx30 mRNA levels were normal in whole cochlea samples of untransduced Cx26 loxP/loxP cultures (Fig. 4) . Transduction of Cx26 loxP/loxP cultures with BAAVCre-IRESGFP reduced mRNA levels of both connexins, although the changes we measured were statistically significant only in microdissected os cells (Fig. 4) .
Taken together these results strongly suggest that Cx26 and Cx30 expression is interrelated both at the mRNA level and at the protein level in os cells of the immature cochlea.
Functional Properties of GJ Networks Assayed in Cochlear Organotypic Cultures.
To assess the functionality of GJ channels in os cells of cochlear cultures from Cx30 KO mice before and after transduction with BAAVCx30GFP, we used calcein in a fluorescence recovery after photobleaching assay (39, 40) . Representative experiments illustrated in Fig. 5 show that organ cultures from WT littermates recovered the fluorescent tracer (Fig. 5A ) over time, whereas the effect of photobleaching persisted for the whole recording time in cultures from Cx30 KO mice (no recovery; Fig. 5B ). These results suggest that dye transfer is impaired in os cells of Cx30 KO cultures because of lack of Cx30 and low expression levels of Cx26. Similarly, GJ channel function in Cx26 loxP/loxP mice transduced with BAAVCre-IRESGFP was significantly impaired compared with that in untransduced controls (Fig. S3) . Recovery of fluorescence in cultures of Cx30 KO mice transduced with BAAVCx30-GFP was indistinguishable from that of WT cultures ( Fig. 5 C  and D) .
Intercellular Ca 2ϩ signals (ICSs) and Ca 2ϩ oscillations mediated by a P2Y/PLC/IP 3 pathway have been reported in these cultures under various stimulation conditions (41) (42) (43) . For the experiments in Fig. 6 , we preloaded the cultures with the acetoxymethyl ester moieties of caged IP 3 (44) and fura red, a ratiometric Ca 2ϩ indicator. Photostimulation with caged IP 3 in WT controls (Fig. 6A) elicited ICSs that spread across os cells. By contrast, Ca 2ϩ signals failed to propagate in untransduced Cx30 KO cultures (Fig. 6B) , as we report in detail in a companion article. Viral transduction with BAAVCx30-GFP restored the ICS propagation range (Fig. 6C) to levels comparable to those of WT controls (Fig. 6D) .
Taken together, these results confirm that restoration of connexin expression reinstates cell-cell communication to levels that are statistically indistinguishable from those of WT controls. (36), which, when activated, is released from IB and translocates to the nucleus, where it participates in the regulation of transcription (34, 35 (41, 43) , after the establishment of a baseline, while monitoring the ensuing Ca 2ϩ signals with the fura-2 indicator (Fig. S4A) . After 20 min of continuous stimulation, os cells were microdissected and connexin transcript levels were estimated by qPCR on cDNA produced from pools of cultures for each condition (Fig. 7) . ATP evoked similar patterns of intracellular Ca 2ϩ oscillations in WT and Cx30 KO cochlear cultures (Fig. S4  B and C) , suggesting the P2Y receptors and the PLC/IP 3 signaling cascades are not affected by Cx30 ablation. Although no change in Cx26 expression was observed in WT cultures, stimulation with 20 nM ATP significantly increased Cx26 transcripts in os cells from Cx30 KO cultures (Fig. 7) . Note that the unstimulated Cx26 mRNA level is very low in Cx30 KO culture compared with WT culture. To test the role of NF-B in the ATP-induced change in Cx26 expression, we transduced both WT and Cx30 KO cultures with a viral construct (BAAVIBsr) encoding the stable form of the IB superrepressor protein (IBsr), which prevents NF-B activation/translocation. In agreement with NF-B having an important role in regulation of Cx26 and Cx30 expression, IBsr expression significantly decreased Cx26 and Cx30 transcription in unstimulated os cells from WT mice; however, this effect was overcome by stimulation with 20 nM ATP. IBsr transduction coupled with ATP treatment yielded mRNA levels not significantly different from those of unstimulated WT controls. Furthermore, the stimulatory effect of ATP was reduced on both a ratio and absolute change basis (Fig. 7A) . In contrast, transduction of Cx30 KO cultures with BAAVIBsr diminished the ATP-dependent increase in Cx26 transcripts (Fig. 7B) .
Taken together, these data strongly suggest that: (i) Ca 2ϩ signaling can regulate the expression of Cx26 and Cx30, (ii) both are regulated by NF-B signaling, and (iii) they are mutually associated not only when they form channels (i.e., functionally) but at the regulatory level.
Discussion
The inner ear expresses high levels of colocalized Cx26 and Cx30 (6) . Regional specializations in the expression of these connexins have been reported both along the cochlear coils and across the organ of Corti, likely reflecting heterogeneity of homeostatic requirements (37, 50) . Although the molecular mechanisms that determine the cell type-specific transcription of each connexin gene are still poorly understood, previous studies suggested a link between the expression of different connexins and implied mechanisms that regulate their coordinated expression accurately (31) . Thus, the amount of Cx26 protein in liver cells of Cx32 KO mice is significantly lower than in controls (51); the Cx32 protein has been proposed to stabilize the amount of Cx26 in murine liver, where the two connexins form heteromeric channels (52) . A previous study reported Cx26 downregulation at the protein level in the cochlea, but not the liver, of Cx30 KO mice and suggested that the level of Cx26 mRNA in the cochlea of Cx30 KO mice was not significantly changed by Cx30 gene deletion (28) . Interestingly, hearing has been restored in Cx30 KO mice independently from Cx30 by overexpressing Cx26 (28) , although the use of a bacterial artificial chromosome system evades the regulatory control at the chromosome level.
Here, we have shown that in the selected subpopulation of cochlear nonsensory os cells, Cx26 is dramatically downregulated in Cx30 KO mice compared with WT controls both at the protein level and at the mRNA level. The difference is less pronounced (but still significant) when mRNA levels are averaged over whole cochlea samples (Fig. 2) and may have been overlooked in the report by Ahmad et al. (28) . In addition, we have shown that Cx30 is downregulated in parallel with Cx26 in Cx26 loxP/loxP mouse cochlear cultures transduced with BAAVCre-IRESGFP, resulting in impairment of GJ communication. qPCR analysis of Cx26 and Cx30 mRNA levels in the skin and liver of P5 mice gave comparable levels of Cx26 in the skin of WT and Cx30 KO mice (Fig. S5) . We also found comparable levels of Cx26 in the liver of WT and Cx30 KO mice, whereas Cx30 mRNA was not detectable in WT mouse liver, as previously reported (53) . Likewise, Western blot analysis in skin raw extracts from P5 mice gave comparable Cx26 protein expression levels in WT and Cx30 KO mice (Fig. S6) .
Regional specification has been recently highlighted in the vestibular system, where deletion of the Cx30 gene causes little change in the Cx26 expression pattern (but results in a significant and age-related loss of vestibular hair cells in the sacculus) (54 (55) . Thus, it appears that the coregulation explored in this study is a feature of supporting and epithelial cells in the os region.
Our demonstration of Cx26 and Cx30 gene coregulation offers crucial insight into the hitherto unexplained observations that some deafness-associated DFNB1 alleles are characterized by hereditable significant reduction of both GJB2 and GJB6 (27) and that GJB6 deletions in trans with recessive mutations of GJB2 cause deafness in humans (24) (25) (26) . How exactly the lack of connexin transcription translates into a deafness phenotype remains to be determined. Thus, deafness in Cx30 KO mice is correlated with disruption of the SV endothelial barrier attributable to increased levels of homocysteine but with no obvious link to connexin channel function (55); therefore, the gene network contributing to the appearance of the disease is likely to be even more complex than predicted. Our characterization of the coregulation mechanisms implicates intracellular Ca 2ϩ and activation of NF-B as important players. Because these are unlikely to be the sole mechanisms at play, future research will clarify further this important matter; nonetheless, their ability to modulate the expression of the connexins points to an important role in the inner ear. Furthermore, although GFP expression is not detected in every cell, the results we obtained in Cx30 KO cultures transduced with BAAVCx30GFP unequivocally show that the newly formed channels are functional and rescue intercellular communication in the cell network. As a marker of transduction, GFP has its limitations, and our findings may suggest that expression of the GFP surrogate marker does not exactly represent the amount, or possibly the extent of expression, of the connexins required to restore function in our Cx30 mice. In an accompanying article, we analyze the mechanisms underlying intercellular Ca 2ϩ signaling and show that connexins support a propagation mechanism based on regenerative release of ATP through connexin hemichannels paralleled by IP 3 diffusion across GJ channels.
Our results suggest that gene delivery to os cells of cochlear tissue can be performed with great ease and high efficiency using BAAV as a vehicle for gene transfer. BAAV is a member of the Dependovirus genus of the Parvoviridae family; a group of small singlestranded replication defective parvoviruses whose genomes can be easily manipulated to produce recombinant proteins. Several other members of this genus are currently being evaluated for use as gene transfer vehicles in clinical studies for the treatment of both genetic and acquired diseases. Although our work has focused on organ cultures, BAAV-mediated gene transfer may also be useful in vivo for functional genomics studies in whole animals. Indeed, gene transfer vectors based on BAAV have several attributes that make it an attractive candidate for use in the inner ear, such as strong tropism for neuroepithelia, minimal impact on normal cellular activity, and the ability to penetrate barrier epithelial cell layers via a transcytosis pathway (56) .
Materials and Methods
BAAV Vector Production and Quantification. Recombinant BAAVCx30GFP, BAAVCre-IRESGFP, and BAAVIBsr were produced by transfecting 293T cells with the following plasmids: an adeno virus helper plasmid (pAd12) encoding the viral-associated RNA, E2, and E4; AAV helper plasmids containing AAV2-Rep and BAAV-Cap separately; and a vector plasmid containing inverted terminal repeats flanking the CMVCx30GFP, CMV-Cre-IRESGFP, or CMV-IBsr gene cassette. The detailed production and quantification procedure has been previously described (57) , and details are listed in SI Methods.
Cochlear Cultures and Transduction with BAAV. Cochleae were dissected from P5 mouse pups in ice-cold Hepes-buffered (10 mM, pH 7.2) HBSS (Sigma) and placed onto glass coverslips coated with 10 g/ml Cell Tak (Becton Dickinson), as described in by Gale et al. (41) . Cultures were incubated in DMEM/F12 (Invitrogen), supplemented with 5% vol/vol FBS and maintained at 37°C for 1 day. Transduction with viral constructs was performed by adding purified vector at a final titer of 10 11 particles/ml in culture medium devoid of FBS; cultures were kept in this medium at 37°C for the first 24 h to favor viral transduction. Thereafter, cultures were maintained in DMEM/F12 supplemented with FBS up to 48 h before experiments.
qPCR. mRNA was extracted from freshly isolated P5 whole cochleae or microdissected os cells using RNAeasy kit (Qiagen). The same procedure was applied to organotypic cultures 48 h after in vitro transduction with BAAV constructs. cDNA was obtained by reverse transcription of mRNA with Oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Invitrogen) and Omniscript Reverse Transcriptase (Qiagen) for 1 h at 37°C. qPCR was performed on cDNA (obtained as described previously) to amplify Cx26 and Cx30 and was normalized to actin expression. Connexin expression relative to actin was estimated according to the method described by Pfaffl (58) . For primers and reaction conditions, see SI Methods.
For further methodological details, see SI Methods online.
